Abstract: We incorporate thermal effects for injection currents ranging up to 150 mA in order to model the tuning behavior of a two-section, all-active distributed-Bragg-reflector (DBR), ridge-waveguide semiconductor laser utilized for a single-mode operation. In particular, we investigate wavelength tuning as a function of injected currents within the grating and phase/gain sections of the laser cavity and examine how any athermal lasing conditions may arise. The effect of thermal drift on the resonant wavelength due to a change in refractive index as well as thermal expansion of the laser cavity is included within a traveling wave analysis (TWA). From the TWA, the spatial distribution of gain along the active region of the laser is also derived in order to help describe the tuning behavior for a high-order (37th) grating previously optimized to minimize linewidth. A comparative analysis with a single mirrored, active-passive DBR laser is also included. Results show a good agreement with reported experimental data and compare well with the wavelength stability of other laser devices.
Introduction
All-Active DBR lasers incorporating high-order gratings along the active region of the laser cavity have shown narrow linewidth behavior below 500 kHz, side-mode suppression ratios (SMSR) well above 45 dB and threshold currents under 25 mA; all of which meet the current standards required by industry [1] - [3] . The high-order grating formed with the etched slots creates very good single mode operation, however unlike traditional distributed feedback (DFB) lasers they do not require high-resolution processing with e-beam lithography and regrowth steps [4] , [5] . Furthermore, in contrast to DFB lasers which typically use a first-order grating structure throughout the entire active region, the partially-slotted DBR laser presented here incorporates a periodic Bragg grating positioned on only one side of a ridge waveguide thus requiring only a single cleaved facet. The high-order (37th) enables a larger slot width of circa 1 μm for ease of fabrication. The dimensions of the high-order grating may be optimized such that the reflection and transmission coefficients are robust against small changes in slot width and period [6] . In our design, we use two contacts over the grating and phase sections, as shown in Fig. 1(a) . Small adjustments to the currents in the two sections allow high performance in SMSR as well as a low linewidth even considering an increase in photon loss due to the high order grating, and in principle allows for etching using photolithography [7] . A disadvantage of high-order gratings is that they introduce radiation loss not observed with first-order DFB lasers, so placement of the slots within the cavity must be carefully managed to minimize this loss.
Sufficient control of the tuning capabilities of semiconductor lasers is required if the laser is to be utilized across various platforms in optical network units [8] . In particular, widely tunable arrays using DFB and DBR lasers are used to increase bandwidth in wavelength-division multiplexing (WDM) systems. However within such devices, thermoelectric cooling (TEC) methods are implemented which are usually associated with a low energy efficiency rating and power consumption 4−5 times greater than athermal tuning methods [9] , [10] . For example, when operating our device, the TEC uses a driving current as high as 300 mA corresponding to an additional Watt of power necessary in order to achieve wavelength stability. It has been shown that by manipulating the injection current in different sections of a laser, one can effectively control the tuning of the resonant wavelength while reducing the laser's sensitivity to temperature fluctuations. Such a device is frequently referred to as an athermal laser [11] , [12] . In order to athermalize the laser one must control the thermal drift of the reflected wavelength of the grating in relation to the peak gain wavelength. If the separation of these two wavelengths becomes greater than half the mode separation of the grating's reflectivity peaks, a mode hop is anticipated [13] . In this article, we aim to characterize the wavelength tuning of the laser as a function of thermal effects on the refractive indexes and the gain which is dominated by the particle distribution and carrier number within the laser cavity. Both the gain and the refractive indexes are dependent on the injection current in each section of the all-active DBR laser. Its 37th order grating design had been previously optimized using 24 slots with a depth of 1.35 μm to minimize linewidth while still allowing sufficient transmission of power through the grating [image in Fig. 1(a) ] [14] , [15] . The 37th order corresponds to a slot width (d s ) of 1.09 μm and period (d p ) of 8.96 μm in order to excite a wavelength of 1550 nm. In the manner outlined below, the model includes data previously retrieved from a scattering matrix analysis [14] to derive the coupling factor, radiation loss, and reflectivity coefficient of the grating which are then implemented within a finite-difference time-domain (FDTD) method for traveling waves [16] . Calculations are shown to match well against measured experimental data.
Theoretical Methods
The traveling wave equations are simulated using the scheme outlined in Fig. 1(b) , where the laser cavity is broken into 'N' partitions. We then solve the following differential equations for the amplitudes of the forward (F) and reverse (R) traveling waves within each section of the laser cavity [17] , [18] , u c
Waveguide loss, radiation loss from the slots, and coupling factor are defined by α s , h 1 , and κ respectively, with c being the speed of light and u the group refractive index. δ is the Bragg wavelength detuning defined as
with designations for the resonant frequency of the laser (ω) at threshold, the linewidth enhancement factor (α), the gain per unit time (G), and the order of the grating (q). The subscript on effective index, n i , corresponds to which section of the laser we are simulating; namely the grating or phase/gain section which in general have differing injection currents. At constant temperature, the effective indices depend only on whether or not a slot is present in that particular section. The effective refractive index for a section containing a slot with a depth of 1.35 μm has been calculated to be 3.1965 and 3.1997 if no slot is present [14] . As temperatures change due to varying the injection current, thermal effects are included in the refractive indices by considering the thermal expansion coefficient of the lasing cavity, σ e , as well as the thermo-optic coefficient, ∂n i /∂T [19] . Together these two factors contribute to the detuning of the resonant wavelength of the laser quantified as,
where λ r is the resonant wavelength at threshold and the thermo-optic coefficient is retrieved from experimental data with a value of 2.3 × 10 −4 K −1 [11] , [20] . The thermal expansion is found to account for roughly 3% of the tuning in our model. The gain per unit time is dependent on the detuning between the photon mode and Fermi level separation which is defined as
with k B as Boltzmann's constant and using a quasi-Fermi level separation,
, where E ef f is the effective bandgap energy with σ and β being empirically derived fitting parameters previously determined in [21] . The effective bandgap energy includes the first electron and hole subbands in the conduction and valence band which is estimated to be approximately 0.9 eV [22] . Altogether this yields a quasi-Fermi level separation of 0.832 eV at ambient temperature; agreeing well with calculations done in [23] . The spontaneous emission is defined as a function of the number of carriers,
where β sp is the spontaneous emission coefficient, γ e is the carrier-recombination rate, and η sp = BN/Vγ e is the internal quantum efficiency with subsequent parameters defined in Table 1 . Parameters have been previously determined when calculating the intrinsic linewidth of the laser cavity [3] , [17] with radiative loss estimated using experimental data for the 37th order grating [1] and β sp ranged between typical values of 10 −4 and 10 −5 for a more precise fitting. The gain per unit distance is then,
which includes nonlinear gain suppression, ε, and P is the photon density. κ, the amount of coupling between the forward and reverse waves, is approximated to second order as r tanh (κ × L eff ) where r is the reflectivity of the grating structure calculated to be 0.427 from the scattering matrix method with the coupling factor considered to be zero in the phase/gain section of the laser [6] , [7] . It is noteworthy that κ is an imaginary term in the traveling wave equations and contributes to the total shift of the resonant wavelength. The reflectivity is also used to estimate the radiation loss through the slots. The spontaneous noise terms are defined by s f and s r which satisfy
where K is the Petermann factor. There is a separate equation utilized to calculate the number of carriers in each section given by
The injection current per volume is given by J i /d, with η the injection efficiency and d the active layer thickness of 400 nm. Typical parameter values for semiconductors utilized in the calculations are listed in Table 1 which include 2nd (B) and 3rd order (C) decay processes in carrier lifetime with the latter taken as an exponential function of the activation energy and temperature as described in [24] .
Before simulating the traveling wave equations to retrieve the wavelength tuning, we must first calculate the change in temperature due to the power dissipated given by [25] , (10) is also depicted.
where P di s (P in ) is the dissipated (input) power for each section with a quadratic dependence on current given by
is the Ohmic resistance of the laser, V D + V S = 0.8865 V are the diode (V D ) and series (V S ) voltages, respectively, while Z T is the thermal impedance with an approximate value of 75.43 ± 3.12 K/W. All values are estimated from measurements taken for an array of similar highorder grating, all-active DBR lasers by I. Matthews et al. in [26] . U is the wall-plug efficiency of the laser defined as P out /P in with P out the output power of the device.
Although this may vary for individual sections at very high injection currents and consequently changes of temperature, injection currents in our analysis only adjust the temperature on the order of 10 K and significant thermal diffusion between grating and phase/gain sections is not anticipated. Therefore, we conservatively approximate υ at 0.35 for both sections of the all-active DBR laser; similar to many active-passive DBR and DFB laser cavities [25] . Fig. 2 demonstrates the effect a change in temperature of 10 K has on the refractive indexes and subsequently the resonant wavelength within the grating section. The overall change in temperature is calculated from (10) and agrees well with previously reported experimental results [27] . The thermal drift is most significant well above threshold with a total shift predicted of roughly 1.1 nm when adjusting currents up to 100 mA. For this range of injection currents, the quadratic dependence of temperature is predominant causing a change of index ( n) of more than 0.001. It should be noted that although the index within the phase/gain section may also change due to temperature, this change had a negligible effect on the wavelength tuning (10 −2 nm) due to the absence of slots in this region.
The derived wavelength tuning map presented in Fig. 3(a) is for the laser presented in Fig. 1 with a 1 mm long cavity containing a phase/gain section of 760 microns and relatively short grating section of 240 microns. This asymmetry within the design along with the high-reflective coating at the end of the phase/gain section contributes to a non-uniform distribution of particles along the cavity as will be shown. The end of the grating section is covered with an antireflective coating and serves as the output end of the cavity [6] , [17] .
In general, tuning maps are not provided for two-section devices, but is done here to make clear what the tuning mechanisms are within the laser. Tuning maps are generally presented for SG-DBR and other widely tunable lasers. An earlier work from our group in [28] offers a comparative study with tuning maps for 3-section DBR and 4-section SG-DBR lasers showing a noticeably more linear Fig. 3 . (a) Simulated wavelength tuning map for the all-active DBR laser using the traveling wave analysis described in Section 2. The tuning behavior is found to be a balance of changes in the refractive indexes due to temperature for increasing grating currents labeled with arrow (R1) as well as changes in gain/carrier density highlighted with arrows (B1) and (R2). (b) Average carrier density along the entire active region of the cavity. As the grating current is increased and gain is becoming saturated, the rate of change of the carrier density is reduced for the full range of currents in the phase/gain section.
tuning effect when varying currents in the front and rear mirror sections [29] . Notably in these types of lasers, the overall redshift in wavelength due to thermal effects for increasing front grating current is comparable to that of the all-active DBR laser demonstrated in Fig. 2 [30] - [32] though the exact range of tuning may vary depending on current range in each section [33] . We need to fully understand the tuning behavior of our two-section slotted lasers so that we can determine the best conditions for athermal operation. This is the first investigation for the all-active DBR laser aimed at sharply examining the effects of currents under 150 mA though the nonlinear behavior was demonstrated in [27] , [28] , [34] with less detail/analysis. In addition, we further contribute a comparison with a 2-section active-passive DBR laser using identical gratings to demonstrate the contrasting effects that can occur.
Tuning Map Analysis

Two-Section
All-Active DBR Laser: As labeled in Fig. 3(a) , we find a balance of three main effects in the tuning map: a redshift (R1) of the wavelength for increasing grating currents well above threshold, a blueshift (B1) for increasing grating currents below and near threshold, and a redshift (R2) for increasing phase/gain currents. Shifts B1 and R2 are found to be primarily from the effects of gain on wavelength tuning which is quantified in the second term of the Bragg detuning in (3) with gain being proportional to N 2 [6] . Here an increase in carrier density will subsequently produce a blueshift in the resonant wavelength while a decrease in carrier density causes a redshift. This is corroborated in Fig. 3(b) where we have plotted the carrier density profile as a function of injection currents. Indeed a decrease in carrier density is shown for growing phase/gain currents causing the redshift R2 with thermal drift from the phase/gain section found to be negligible with the grating (coupling) effect on the waves removed. Conversely, an increase is seen near threshold for increasing grating currents causing the blueshift B1.
For increasing grating currents above threshold, the carrier density is still increasing, however with the rate of change slowing down. Here, as we move above threshold circa a grating current of 40 mA, the thermal drift begins to take over and we see the redshift R1.
Active-Passive DBR Laser With Similar Grating:
In order to confirm this behavior, we calculate the wavelength tuning for a 2-section active-passive DBR cavity containing a gain section of equal length to that of the all-active DBR laser and with the same 37th order grating placed at the output end of the cavity but without gain material [Schematic in Fig. 4(a) ]. All other parameters are unchanged for the simulation. Within the same range of injection currents, the tuning behavior for the active-passive DBR laser is markedly different with the blueshift B1 due to gain missing and Fig. 4 . (a) Tuning map (nm) calculated from the traveling wave analysis for an active-passive DBR laser with gain section of 1 mm. This 37th order grating described in the text is placed at the end of the cavity however now without gain material. Results demonstrate different tuning behavior than that of the tuning map in Fig. 3 with notably the blueshift (B1) at low injection currents disappearing. (b) The same simulation as in (a) however the temperature effects on the refractive index are no longer included. This removes the thermal redshift we see for increasing grating currents labeled as (R1). The scale of (b) is kept over the full tuning range shown in Fig. 3 to demonstrate the different wavelengths achievable. now only the redshift R1 for increasing grating currents clearly appears. The redshift R2 due to gain in the phase/gain section also remains though notably the tuning range is reduced from 2.5 nm when gain is present to 1.6 nm without the gain. It should be reemphasized that tuning maps for SG-DBR and multi-sectioned DBR lasers may have an altered tuning range as well due to differing injection currents [28] , [33] , [34] .
In Fig. 4(b) we further adjust the active-passive DBR model by deliberately neglecting the effects of temperature on wavelength tuning. As anticipated, the redshift attributed to the thermal drift for increasing grating currents in the all-active DBR laser disappears. In this scenario, the wavelength tuning is dominated by the gain in the phase/gain section for increasing phase/gain currents for which we see the redshift R2 now is roughly 1 nm.
Comparison With Experiment
The laser in the experiment contains an active region composed of five AlGaInAs quantum wells which are underneath a p-doped InP layer (1.6 μm thick), a p-doped InGaAsP layer (50 nm-thick), and a InGaAs contact layer (200 nm thick). The ridge and slots themselves are formed via two inductively coupled plasma (ICP) etch steps using Cl 2 and N 2 gas. The ridge is then passivated and metal contacted followed by being coated in high-reflection and anti-reflection films. It is then eutectic bonded onto an aluminum nitride carrier. When examining athermal performance, it is mounted on a Cu block, which uses an embedded thermistor and a TEC to fix the operating temperature. The TEC was not used for temperature control of the device, but only for adjusting various ambient temperatures. The laser output is coupled from free space into either a photodiode for power measurements or a single-mode fiber and optical spectrum analyzer for wavelength measurements. The experimental tuning behavior is presented in Fig. 5(a) for the all-active DBR laser. The tuning range for the measured data is larger than the simulated tuning in Fig. 3(a) due to the addition of mode hops (0.39 nm) which roughly occur at clear changes in shading (color online). In Fig. 5(b) we have fitted the mode hops to the simulated results at the same detuning intervals retrieved from experiment. The total shift in simulated wavelength then includes mode hops as well as changes due to gain and temperature [34] . It should be noted that although mode hops are included to account for the total shift in wavelength, quantifying the exact positions of mode hops is not part of this analysis. Altogether good agreement is shown in Fig. 5 for the wavelength tuning behavior between experiment and theory for the specified injection currents. The simulated threshold current under uniform injection is approximately 28 mA compared to experimental measurements of roughly 25 mA. The discrepancy in threshold current can be accounted for in the estimated values for injection efficiency and the spontaneous emission rate [1] , [15] . This also compensates for the shift in hopping position of roughly 5-10 mA between experiment and theory.
Following the solid lines in Fig. 5(b) , one can notice athermal behavior for which the laser output avoids mode hopping and which the wavelength is unchanged for the full range of phase/gain currents. This behavior may again be explained by examining the wavelength tuning in the all-active DBR laser and comparing it to that of the 2-section active-passive DBR laser. To reiterate, a mode hop is expected if the reflected wavelength of the grating shifts by roughly half a mode hop in relation to the peak gain wavelength [25] . From the thermal drift equation in (4), it is determined that the grating current ranging from 20 to 100 mA is able to produce the total redshift R1 of roughly 1 nm in the reflected wavelength we see in Fig. 4(a) due to changes in the refractive index with temperature. Following the black diagonal line in Fig. 5(b) , a reduction in grating current from 100 mA → 60 mA will produce a blueshift in wavelength by reducing the temperature. This is counterbalanced by the redshift R2 in wavelength as phase/gain currents are increased from 40 mA → 100 mA due to the significant reduction in carrier density [displayed in Fig. 3(b) ]. Changes to the peak gain wavelength have been shown to be linearly proportional to the average carrier density throughout the active region [25] , [35] . Overall, following the black diagonal line, the blueshift due to temperature effects and the redshift due to gain/carrier density are both approximately 1 nm helping to offset each other and prevent significant detuning or mode hopping.
Along the horizontal red line on the tuning map of Fig. 5(b) , we find a relatively small change to the carrier density and hence peak gain wavelength for the specified range of phase/gain currents. This is combined with a negligible change to the reflected wavelength since the grating current is kept constant and the thermal drift from the phase/gain section has negligible effect on wavelength tuning (10 −2 nm) [25] . Therefore no mode hops are expected in this region as confirmed in the experimentally measured tuning map. The simulated wavelength tuning along the athermal region is presented in Fig. 5(c) where a total shift of 0.12 nm (15 GHz) is determined; well under Fig. 6 . Measured spectra taken at various points along the tuning map of Fig. 5a (highlighted) . The spectra demonstrate lasing with very good SMSR values over 40 dBm as well as the anticipated blueshift (B1) when adjusting grating currents near threshold (black to blue curve) and the redshift (R1) at higher grating currents (solid red curve). The redshift (R2) is also shown for increasing phase/gain currents (70 mA-100 mA) while keeping the grating current constant. Comparison of the solid and dashed red spectra exhibits a wavelength change of 0.04 nm/5 Ghz along the athermal region of the tuning map. half the size of a mode hop. A similar shift is found in the experimental data range from GC = 100 mA/PC = 40 mA to GC = 60 mA/PC = 133 mA. The slight variance is accounted for by the difference in threshold currents (5-10 mA) between experiment and simulation. The spectra in Fig. 6 demonstrates the wavelength tuning behavior using a constant phase/gain current of 70 mA while varying the grating current. The blueshift (B1, black to blue curve) that is expected closer to threshold can be seen, as well as the redshift (R1, black to solid red curve) when moving towards higher grating currents. The dashed red spectrum demonstrates the redshift (R2) for increasing phase/gain currents showing excellent wavelength stability as one moves along the athermal region of the tuning map. Fig. 7 shows the steady state carrier density behavior by plotting the gain distribution for increasing phase/gain currents at values taken along the solid athermal line of Fig. 5(b) . For phase/gain currents between 100-150 mA changes to the average rate of gain across the cavity are approximate to noise fluctuations in particle number, hence little change to the peak gain wavelength is anticipated. Below phase/gain currents of 100 mA, the gain begins to noticeably vary across the entire length of the cavity and grating currents need to be adjusted to counterbalance any wavelength shift because of this. The asymmetric distribution in gain agrees well with previous reports and is strongly dependent on photon loss in the grating region as well as the coupling factor [17] , [36] . Sample linewidth values (inset) are plotted under uniform injection current for various cavity lengths. The best fit curve agrees well with previous reported experimental data and in general the linewidth behavior follows the well-known Schawlow-Townes formula for varying currents [6] , [37] . Furthermore, a mode-hop free wavelength stability of 0.04 nm/5 GHz was verified over a temperature range of 8-47 C that extended the phase/gain current up to 350 mA [34] . That stability compares well with results reported for a 5-section digital-supermode DBR laser but now achieved through the simpler fabrication scheme for our laser [9] , [38] . Although the gain distribution is non-uniform along the cavity, the variation in gain along the active region is comparable to that of 1 st order active-passive DBRs as well as quarter-wavelength shifted DFB lasers with similar κL values yielding very good SMSR while minimizing spatial hole burning [39] .
Conclusion
To conclude, we have used a traveling wave analysis to accurately account for the total wavelength tuning in a two-section laser by including changes due to thermal drift along with gain in the study. The analysis included a detailed comparison with a 2-section active-passive DBR laser using a similar grating design without gain. Altogether, the theoretical analysis matched well with the tuning behavior and the total wavelength shift taken from experiment. The thermal drift was found to dominate the wavelength tuning above threshold for increasing grating currents as well as the increased rate of mode hopping. For increasing phase/gain currents the wavelength tuning was found to be dominated by gain while thermal drift in the phase/gain section had little effect on the output wavelength found in the grating section. Together this behavior resulted in a unique method (via design) and region to athermally tune the laser, useful for WDM systems where overall one looks to balance the shift in wavelength due to gain/carrier density with the thermal drift in the grating section. This requires adjusting currents in only the phase/gain and grating sections simultaneously, notably simpler than a number of multi-section lasers.
